INTRODUCTION
A theoretical estimation of the doses for the overexposed patients was carried out based on a measurement of the concentrations of radioactive ( 24 Na) and stable sodium in blood. The method for the estimation is in principle the same as that given in the report of the Oak Ridge National Laboratory (ORNL) 1) . But, the latest data were used as parameter values necessary for the calculation, for example, the dose conversion coefficient for the organs/tissues. It should be noted that the dose estimation presented in this paper is not for a scientific understanding of medical effects by heavy exposure but for an emergency response where an urgent estimation of the dose must be asked to present useful guidance for planning a clinical treatment.
A further investigation using a numerical simulation technique is in progress to evaluate more accurately the heterogeneity of the doses at the skin, the depth dose distribution, the neutron to γ -ray dose ratio, etc. as a joint research program between National Institute of Radiological Sciences (NIRS) and Japan Atomic Energy Research Institute (JAERI). The result will be presented as soon as the examination is completed.
ESTIMATION OF THE AVERAGE NEUTRON DOSE

Irradiation geometry
Considering the work of each patient at the time of the accident, most of the radiation from the critical assembly was supposed to be incident on the patients from their frontal surface. There is a possibility that patient A, who was holding a funnel with his hands, stood upright but aslant against the precipitation tank. Patient B, who was pouring the uranium solution into the tank, was supposed not to be standing upright. However, since the actual postures and positions of the patients were not estimated immediately after the accident, it was assumed that a parallel beam of neutrons was uniformly incident over the human body standing upright in front of the precipitation tank. In order to verify this assumption, a method is being developed to calculate the doses for the patients with actual postures at work.
Energy spectrum of the neutrons
As an energy spectrum of neutrons, the result of a calculation by the ANISN code (Multigroup One-Dimensional Discrete Ordinates Transport Code System with Anisotropic Scat- tering) was used. The result showed that the energy spectrum changed a little from point to point. However, it was not very significant from the viewpoint of an emergency response to apply different spectra individually to each patient, because the positions of the patients at the accident could not be determined precisely, and because the distance from the critical assembly varied from point to point at the body surface even in one individual.
It was decided that the spectrum at a point of 60 cm from the center of the precipitation tank, where patient A was supposed to have been exposed, was commonly used for all three patients.
The energy spectrum used in this paper is shown in Fig. 1 . The average energy was about 1.0 MeV.
Fluence of neutrons incident on the patients
The radioactivity (a) of 24 Na produced by neutrons per unit mass of stable sodium in the body is expressed by the equation 2) was applied. ρ: concentration of stable sodium in the body (g/cm 3 ). Since this quantity is finally deleted from the equation (1), the specific activity of 24 Na is independent of the 23 Na concentration in the individual patient. S: projected area of human body. The value of BOMAB phantom (5690 cm 2 )
2) was applied. Φ: fluence of the incident neutrons (cm -2 
).
A Na : mass of stable sodium per mol (23 g mol -1 ). ξ(E): capture probability of human body for neutrons of the energy E. The values calculated by Cross for water filled BOMAB phantom ( Fig. 2) 2) was applied with the correction for the difference in the concentrations of hydrogen atoms between human body tissue and water. ). Substituting the constant values into the equation (1), the following equation (2) was derived, which gives the fluence of neutrons incident on the human body as a function of the specific activity of 24 Na which is produced in it: . : Colons, : Lungs, : Bone marrow.
Dose conversion coefficient for monochromatic neutrons
The value of ICRP Publication 74 5 ) for organ i per unit fluence of neutrons with the energy spectrum φ (E) is expressed by
It was assumed that the absorbed dose for a whole body is the average of the doses for each organ, D i weighted by the mass of the individual organs.
As a result, the dose conversion coefficients of the principal organs for the neutrons with the energy spectrum adopted in this paper were obtained as in Table 1 .
Neutron dose as a function of the specific activity
Multiplying the dose conversion coefficient derived above by the neutron fluence expressed in equation (2), the following equation, which gives the neutron dose D n as a function of specific activity of 24 Na in the body tissues, was obtained:
If blood sampling is not carried out immediately after the accident, the specific activity in the blood is supposed to be almost the same as the average value in the body tissues. Therefore, the neutron doses can be estimated by substituting the measured specific activity into equation (4) .
Measurement of 24 Na and stable sodium in blood
The blood (20 cm 3 ) was sampled from the patients on the day following the accident. Gamma-ray spectroscopy with a Ge semi-conductor detector was applied to measure the 24 Na in the blood samples. Three groups were engaged in the measurement independently and the results were compared with each other for quality assurance. To measure stable sodium in the samples, ICP-AES (Induced Coupled Plasma Atomic Emission Spectrometry) was applied. The details of the procedures and the results are given elsewhere in this special issue of J. Radiat. Res 6) .
The measured radioactivity was corrected using a physical half life of 14.96 h and a biologi- Na was affected by the intravenous drip. If excretion was promoted, the evaluated dose might be too small. For example, if the biological half-life decreased to half of the value for the ICRP model, the activity extrapolated to the time of the accident increased by 8%.
Result of the estimation of neutron dose
The absorbed dose for a whole body by the neutrons estimated by the method mentioned above is given in Table 2 .
ESTIMATION OF AVERAGE γ -RAY DOSE
In order to estimate the γ -ray dose to the patients, a detailed analysis is required on the criticality and the transport of radiation around the precipitation tank and in the body of the patients, because there was no data directly measured on the γ -ray dose. As a joint research program between NIRS and JAERI, a dose estimation is in progress, in which the MCNP-4B and MCNPX codes (Monte Carlo N-Particle Transport Code System for Multiparticle and High Energy Applications) and a mathematical phantom with movable arms and legs 8) are being used.
The results will be presented as soon as the examination is completed. Tentative values of the γ -ray dose for emergency response were indirectly estimated based on the neutron dose using (a) the result of environmental monitoring carried out around the accident site, in which the neutron / γ -ray ratio of ambient dose equivalent was measured, and (b) a graph in the IAEA Technical Report Series No. 211 9) , which gives the kerma ratio of neutrons and γ -rays read off from the volume of the critical solution or the ratio of numbers of nuclei between hydrogen and 235 U.
Neutron / γ -ray ratio of the ambient dose equivalent As a result of environmental monitoring around the accident site carried out in the evening of the day of the accident when the criticality continued, the ratio of the ambient dose equivalent (hereafter referred as H 10 ) between the neutrons and γ -rays was almost 9 (neutrons) : 1 (γ -rays).
Conversion from H 10 to absorbed dose
The H 10 per unit fluence of neutrons was obtained by averaging the H 10 for monochromatic neutrons given in Table 21 of ICRP Publication 51 10) with the energy spectrum mentioned previ- ously. Multiplying this H 10 per unit fluence by the neutron fluence estimated by the measurement of 24 Na, the H 10 of neutrons for each patient was obtained. The 1/9 of this value was assumed to be the H 10 of γ -rays. Conversion to the absorbed dose of γ -rays from the value of H 10 was carried out by the following procedures:
1) The fluence of the γ -rays was obtained by dividing the value of H 10 of γ -rays by the H 10 per unit fluence of γ -rays given in Table 6 of ICRP Publication 51 11) .
2) By multiplying this γ -ray fluence by the air kerma per unit γ -ray fluence given in Table  A.1 of ICRP Publication 74 12) , the air kerma of γ -rays was obtained. 3) By multiplying this air kerma of γ -rays by the absorbed dose per unit air kerma given in Tables A.2 to A.16 of ICRP Publication 74 13) , the absorbed dose for each organ/tissue was obtained.
It was assumed that the absorbed dose for a whole body is an average of the doses for each organ weighted with the organ mass.
The following equation was obtained, which gives the γ -ray dose D γ (Gy) based on the result of environmental monitoring carried out around the accident site:
In the above calculations, the energy of the γ -rays was assumed to be 1 MeV.
Kerma ratio of neutrons and γ -rays
In the IAEA Technical Report Series No. 211 9) , a graph is given by which the ratio of the tissue kerma in air of γ -rays to neutrons can be read off from the volume of the critical solution or the atomic ratio of hydrogen to 235 U. The graph was reproduced as shown in Fig. 4 . Assuming that the volume of the solution of the precipitation tank at the accident was 40 liters and that the volume of the cooling water was 20 liters, a kerma ratio of 2.4 was read off the graph at the point of a volume of 60 liters. The atomic ratio of hydrogen to 235 U was estimated to be 550 from the enrichment and the uranium concentration of the critical solution. A kerma ratio of 1.8 was read off the graph at the point of an atomic ratio of 550. Their mean value 2.1 was applied as the γ -ray to neutron kerma ratio.
Conversion from the tissue kerma ratio to the ratio of absorbed doses
Using the kerma factor for the average soft tissues in ICRU Report 46 14) and the energy spectrum shown in Fig. 1 , the tissue kerma of neutrons per unit fluence was calculated. Multiplying this neutron kerma by 2.1, the tissue kerma of γ -rays was obtained. The ratio of air-to-tissue kerma was obtained using the mass energy-absorption coefficients for average soft tissues and air in ICRU Report 44 15) . By multiplying this air kerma of γ -rays by the absorbed dose per unit air kerma given in Tables A.2 
Result of an estimation of the γ -ray dose
The absorbed dose for a whole body by the γ -rays estimated by the methods mentioned above is given in Table 3 together with the neutron dose.
TRIAL CALCULATION OF THE γ -RAY EQUOVALENT DOSE (GyEq)
In a dose estimation based on lymphocyte counting and on an analysis of chromosome aberrations, the γ -ray equivalent dose (GyEq) was evaluated. The γ -ray equivalent dose (GyEq) is used as a practical dose of exposure to mixed neutrons and γ -rays that causes a comparable biological effect with that brought by exposure to γ -rays alone. In order to compare the present dose estimation with them, the γ -ray equivalent dose was calculated assuming various values of the RBE of neutrons for deterministic effects. The result is given in Table. 4.
The results of various animal experiments on RBE of neutrons for deterministic effects are compiled in ICRP Publication 58 16) . According to this document, the RBE of neutrons from 1 MeV to 5 MeV is 2.8~3.7 for skin, 2~3.0 for gastrointestinal tracts and 2.6 for the haematopoietic system.
ESTIMATION OF DOSE AT THE BODY SURFACE FACING THE PRECIPITATION TANK
The skin of patient A was heavily injured. The absorbed dose at the surface of the body of patient A facing to the precipitation tank was roughly estimated.
Surface dose by neutrons
The method for estimating the surface dose is basically equal to that for the absorbed dose for internal organs. As D i (E) in equation (3), the dose conversion coefficient given in the IAEA manual 17) for the surface of the body was used. As the result of a calculation, the following equation was derived for the average dose D Sn (Gy) at the surface of the body facing to the precipitation tank:
By comparing the constant in the above equation with that in equation (4), it was shown that the average surface dose by neutrons was twice of the average whole-body dose.
Surface dose by γ -rays
It was assumed that the surface dose by γ -rays is equal to the directional dose equivalent (hereafter referred to as H 0.07 ). H 0.07 was obtained by multiplying the air kerma of γ -rays by the H 0.07 per unit air kerma given in ICRP Publication 74 18) . The following equations were obtained for the average dose D Sγ (Gy) at the body surface facing the precipitation tank:
-based on the result of the monitoring: × a (Gy).
The body surface dose facing the precipitation tank The result of an estimation of the body surface dose facing the precipitation tank is given in Table 5 . 
Heterogeneity of the surface dose
The surface dose obtained as mentioned above is the average value over the total skin of the body facing the tank. Since patient A was standing in the neighborhood of the precipitation tank, the surface dose was largely non-uniform. The fluence of the radiation incident on the body surface was roughly estimated by a Monte Carlo simulation. The result showed that the fluence at the body surface at the height of 115 cm was twice the average fluence at the body surface facing the tank, if the patient stood 60 cm from the center of the tank. In other words, it was suggested that the surface dose at a height of 115 cm of patient A was over 40 Gy (neutrons + γ -rays), if the γ -ray dose was estimated using the data of environmental monitoring. 
ESTIMATION OF ORGAN DOSE
It was supposed that patient C, who was next door at the time of the accident, was exposed almost uniformly from the frontal surface. Therefore, the absorbed dose of each organ of patient C could be estimated more reliably than for patient A or B. The results for the organ dose estimation are given in Table 6 .
Not only the absorbed dose, but also the ratio of the neutron to γ -ray doses, varies much depending on the organs.
PROGRESS OF A DETAILED DOSE ESTIMATION
The patients, especially A and B, were heterogeneously exposed to a radiation field of mixed neutrons and γ -rays. Such exposure conditions specific to this accident are supposed to greatly influence the clinical progress observed in the patients. However, the dose estimation methodology mentioned above gives only the value of the averaged whole body neutron dose. Neither the heterogeneity of the doses nor the γ -ray dose could be directly estimated. A more detailed analysis on the criticality and the transport of radiation around the precipitation tank and in the body of the patients is required to present useful information for a scientific understanding of the biological effect caused by heavy exposure to a mixed neutron and γ -ray field.
A further investigation using a numerical simulation technique is in progress to evaluate more accurately the heterogeneity of doses at the skin, the depth dose distribution, the γ -ray to neutron dose ratio, etc. as a joint research program between NIRS and JAERI. Figure 5 presents the calculation system constructed for the numerical simulation, which consists of the precipitation tank and mathematical phantoms with movable arms and legs whose positions and postures are carefully modeled after those of the patients at the exposure. The stage of the progress is almost final. The results will be presented as soon as the examination is completed.
